Abstract-A novel SPICE model is proposed for simulating the electrical characteristics of alternating-current thin-film electroluminescent (ACTFEL) devices. The model consists of two capacitors, representing the top and bottom insulators of the ACTFEL device, connected to a Fowler-Nordheim diode shunted by a resistor, which account for conduction and leakage, respectively, in the ACTFEL phosphor layer. A software interface is developed so that the user may conveniently input the two adjustable model parameters (trap barrier height and phosphor shunt resistance) as well as five parameters corresponding to the physical structure of the ACTFEL device (electron effective mass, device area, insulator capacitance, phosphor thickness, and phosphor dielectric constant). Excellent agreement is obtained between measured and simulated electrical characteristics for evaporated ZnS:Mn ACTFEL devices.
I. INTRODUCTION
Alternating-current thin-film electroluminescence (ACTFEL) is an attractive solid-state flat-panel display technology [1] . Computer modeling of ACTFEL devices with SPICE is of interest to circuit engineers designing flat-panel display systems as well as device and process engineers trying to understand and optimize ACTFEL performance. Previous ACTFEL SPICE models typically consist of three series-connected capacitors to model the phosphor and two insulator layers, with the middle phosphor capacitor shunted by back-to-back Zener diodes which account for the flow of conduction current across the phosphor layer [2] - [4] . The purpose of the work discussed herein is to propose a novel SPICE model, based on the use of a Fowler-Nordheim diode, which is simple and yet more accurate and versatile than previous SPICE models.
II. SPICE FOWLER-NORDHEIM DIODE ACTFEL MODEL
The circuit topology of the model is shown in Fig. 1 Publisher Item Identifier S 0018-9383(00)03517-6. 3q hE (1) where E is the electric field, 8B is the barrier height, and m 3 is the effective mass of the carrier. Since current injection in ACTFEL devices is usually thought of as the tunnel-emission of electrons from a discrete trap at the cathodic insulator-phosphor interface into the phosphor [5] , the Fowler-Nordheim diode can be used to model this injection process in SPICE. The Fowler-Nordheim HSPICE model characteristics, though, are given in terms of lumped parameters useful for circuit engineering. In HSPICE, (1) appears as
for forward applied biases, where A is the diode area, v d is the voltage applied across the diode, T OX is the thickness of the 'oxide,' and JF and EF are lumped parameters called the forward current density and critical field, respectively. Using these built-in HSPICE parameters to model ACTFEL devices is unwieldy since the lumped parameters obscure the underlying physics. Therefore, a software interface was developed which relates the more familiar device physics quantities to the SPICE parameters. Notice that (1) 
Thus, the user specifies the electron effective mass and interface trap depth to characterize the model, and the software interface translates 0018-9383/00$10.00 © 2000 IEEE these to the necessary HSPICE parameters using (3)-(5). Analogous equations for the reverse-biased case follow. Shunted across the voltage-controlled current source, the HSPICE Fowler-Nordheim model also includes a fixed capacitance whose value is CD = " OX " 0 A T OX (6) where "OX is the relative dielectric constant of silicon dioxide. Unfortunately, the value of " OX is fixed in HSPICE and cannot be directly adjusted by the user for materials other than silicon dioxide. However, we have found a way to circumvent this limitation: the software interface adjusts the area parameter, A; so that the fixed capacitance is the same as it would be if "OX could be adjusted to the proper value. Then, the effect this adjustment to the area has on the current characteristics is offset by adjusting the JF parameter in the opposite direction, so that the current given by (2) remains unaffected. Thus, the software interface allows the user to accomplish ACTFEL device simulation by inputting physically relevant parameters.
III. SIMULATION PARAMETER SPECIFICATION
All of the parameters needed to completely specify the model are as follows: the insulator capacitance C i = 18.0 nF/cm 2 ; the device area A =0.085 cm 2 ; the phosphor thickness d p = 640 nm, the phosphor dielectric constant r = 8.3, the electron effective mass m 3 = 0.18m 0 ; the interface trap depth 8 B =1.03 eV, and the phosphor resistance R p = 650 k: Also accounted for in the SPICE simulation are the series resistance, Rs = 500 ; and the sense capacitance, C sense = 109 nF, which are employed in the measurement circuit [6] . Most of the simulation parameters are either known from the literature or can be determined for a particular device structure from electrical characterization experiments. The total insulator capacitance, C i = (C ib 2 C it )=(C ib + C it ); is measured from the post-turn-on slope of a charge-voltage (Q-V) plot [6] . The phosphor thickness and dielectric constant and the device area are known process parameters.
The electron effective mass has been reported to be 0:18m 0 for ZnS, the phosphor material of interest for the results reported herein [7] . This leaves only two simulation parameters that need to be adjusted to obtain a good fit to experimental data: the interface trap depth and the value of the phosphor shunt resistance. In contrast, typical back-to-back Zener diode models have five to seven adjustable parameters [3] , [4] .
The interface trap depth is first adjusted until good agreement is obtained between experimental and simulated Q-V curves. Once this interface trap depth is optimized, the experimental and simulated Q-V curves are very similar, except that there is no leakage in the simulated Q-V curve (i.e. no vertical portions of the Q-V curve along the charge axis at the voltage origin [6] ). To account for leakage in the simulated curve, the phosphor shunt resistance is reduced from infinity to some finite value.
IV. RESULTS
The accuracy of the model is demonstrated by Fig. 2 , which shows Q-V plots at 20, 40, and 60 V above threshold. The devices measured are evaporated ZnS:Mn ACTFEL devices, as described in [8] , and the simulations are run using the parameters listed above. In addition to accurately accounting for steady-state charge trends, the turn-on voltage of the device is accurately modeled, as evidenced by the capacitance-voltage (C-V) plot shown in Fig. 3 . The accuracy of the time-dependent characteristics of the model is seen in the external charge-time plot shown in Fig. 4 . Also, agreement between experimental and simulated internal charge-phosphor field (Q-F p )
plots (not shown) is excellent. In summary, in our experience the Fowler-Nordheim diode model leads to the most accurate SPICE simulation of ZnS:Mn ACTFEL devices reported to date and yet employs the fewest number of adjustable parameters.
A brief discussion of the physical nature of the two adjustable model [8] . However, this calculation includes the effect of static space charge in the phosphor layer. In a physical device under excitation, the electric field near the cathode is higher than the average phosphor electric field due to the presence of static space charge throughout the phosphor, so that tunnel-emission from this interface is more efficient than the externally measured phosphor field would imply. However, space charge is not considered in the model shown in Fig. 1 . Additionally, (1) does not include Coulombic barrier lowering effects. For both of these reasons, the interface state depth must be artificially lowered from the experimental value of 1.5 eV to approximately 1.03 eV to obtain a good fit to data in the simulations. Next, consider the phosphor resistance, R p : Our perspective is that Rp is primarily an adjustable parameter which allows us to quantitatively account for leakage charge in simulated Q-V curves. The physical significance of R p (if any) is obscure. It seems doubtful that this resistance is related to the low-field resistance of ZnS.
V. CONCLUSIONS
A novel SPICE model for the simulation of ACTFEL devices is presented. This model provides accurate reproduction of the electrical characteristics of ACTFEL devices without dynamic space charge with seven simulation parameters, of which five are known from the fabrication process and two are fitted to experimental data. The simulation parameters are easily-derived device physics-based quantities, while the SPICE implementation makes it useful to circuit engineers.
